Introduction 38
In line with sustainable wastewater treatment technologies which are environmentally friendly, easy 39 to operate, less energy-intensive and cost-effective, constructed wetland (CW) has been recognised 40 as a "green technology" that falls into the category of sustainable wastewater treatment 41 technologies. Although CWs have been shown to be very efficient in removing suspended solids 42 and organics (in terms of BOD 5 and COD), their performance has been inconsistent and often low 43 as regards nutrient removal. There is even more concern when they are used to treat medium to high 44 strength wastewaters. [1] Consequently, prominent research goals of CWs are to continually seek 45 specialized substrates with conducive physico-chemical properties to improve nutrient removal 46 (especially P) and to improve its design and operation, so as to facilitate enhanced oxygen 47 availability in order to achieve a higher degree of organics removal and nitrification. [2] 48 49
In the past five years, series of projects of different scales have been conducted at the University 50 College Dublin, Ireland, towards developing the novel alum sludge-based CW system for 51 wastewater treatment. Alum sludge refers to a resultant residual sludge, which is derived from 52 potable water treatment process that employs aluminium sulphate as coagulant to reduce the levels 53 of suspended particles, colour and organic matters in source water. Although the most prevalent 54 final disposal of the dewatered alum sludge is as a "waste" to landfill worldwide, the reuse of the 55 alum sludge is now attracting international attention. [3] [4] [5] The idea of reuse dewatered alum sludge as The main steps of the development towards the alum sludge-based CW system for P-rich 60 wastewater treatment are shown in Fig. 1 . In the first step, emphasis was placed on assessing the 61 feasibility of the use of the dewatered alum sludge as an adsorbent and its capacity for P adsorption. 62 [6, 7] Accordingly, the alum sludge was extensively characterized and the P adsorption behaviour 63 coupled with the P adsorption capacity of the dewatered alum sludge was examined. [8, 9] Thereafter, 64 the optimal configuration of the proposed alum sludge based system, which will give the best 65 operational, hydraulic and treatment performance was determined using four different model reed 66 beds systems, configured with different proportions of the alum sludge and fed with a high P-rich 67 agricultural wastewater. Emphasis during this phase of the study was placed on isolating the 68 magnitude of the overall pollutant removal in the different model systems. The potential for bed 69 clogging and possible release of substances/elements from the alum sludge into the treated 70 wastewater upon passage through the system was also examined.
72
Upon the determination of the optimal configuration of the reed bed system, the model CWs (in 73 single column form) with dewatered alum sludge as main substrate were operated for short term [10] 74 and long term trial over two years. [11] Thereafter a multi-stage CW system was designed and 75 continuously operated to treat an agricultural wastewater with strong organic and nutrient pollutants 76 under high organic loading. The trial of the multi-stage system will continue to focus on addressing 77 the lifespan of the system as well as the final reuse of the alum sludge as resourceful material when 78 it becomes fully saturated in the reed bed treatment system. The main objective of this paper is to present the overall technical progression towards the 82 development of the alum sludge-based CW system. Therefore, the overall view of such the 83 development, rather than the detailed results and analysis, is given in this paper. 4-stage model CWs were operated using a novel operational strategy referred to as "tidal flow" in 129 which the "tide", i.e. the rhythmical filling and draining of the bed medium, was generated by 130 peristaltic pump controlled by timer. [2, 12] The hydraulic loadings of the single model CW and the 4-stage CW system were 0.50m 3 /m 2 · d and 0.36m 3 /m 2 ·d , respectively. Sampling and analysis 136 Procedure of the batch tests and sampling were described elsewhere. [7, 9] Samples of batch P- The typical results of the optimal configuration trial are given in removal of SS in gravel-containing columns seemed lower than that of pure alum sludge column 166 (see Table 2 ). However, there is lack in further SS removal measurement regarding clogging 167 investigation in this study.
168
[ Table 2 here]
169
The results of the single model CW (refer to Fig. 2 ) tests are summarised in Table 3 . It can be seen 170 that while the removal of organics in the model CW increased gradually with time during the testing 171 period, the removal of P was very high in the initial stages, and in particular, it remained high 172 throughout the experimental period. It is interesting to note from Table 3 that as the experiment 173 progressed and the system further stabilized, the removal of organics was considerably significant 174 in the system, and even at higher loadings. It can be suggested that the initial removal of the 175 carbonaceous substrates is through filtration while improved removal was obtained gradually 176 through aerobic degradation as the system stabilized and matured. The results of the 4-stage CW system (refer to Fig. 2 ) operated for 110 days using an animal farm 181 --8--wastewater are illustrated in Fig. 3 . An average removal percentage of 90% for COD and 88% for 182 BOD 5 was achieved. These results are very similar with those obtained from a reed bed system 183 using soil and gravel as main substrate. [13] The performance of the system on SS, P and TN removal 184 showed that significant removal of P was achieved in the system and 92% of the influent PO 4 3--P 185 was consistently removed. This is believed to be attributable to the adsorption of P onto the alum 186 sludge due to its strong affinity. [6] The average removal of TN and SS is 76% and 91% 187 respectively, as shown in Fig. 3 . A higher TN removal efficiency appears to be observed in the later 188 stage of the trial. If this is the case, the promoted removal may be due to the progressively matured 189 microbial activities and the reed uptake. High SS removal in the system is believed to be due to the 190 filtration and the physical trapping of the particles by the alum sludge, which serves as the filter 191 medium in the system. industrial by-products and man-made products show their P-removal capacity to vary from 0.025 to 198 32mg-P/g. [14] In comparison, the dewatered alum sludge used herein can be seen to have a 199 significant and comparable P adsorption capacity (Table 1) sludge is a promising material, which can be reused as a substrate in CW for wastewater treatment.
212
Removal of COD and BOD 5 can be achieved at about the same level as in soil and gravel-based 213 CW system. [13] This is a good demonstration of the dewatered alum sludge being a carrier for 214 biofilm development. It provided a surface for biofilm attachment which served to enhance 215 microbial activity in the CW. More importantly, P removal can be significantly enhanced (Fig. 3) , 216 and this provides evidence to show that the dewatered alum sludge as a novel adsorbent and 217 substrate in CW can considerably improve the P-immobilization capacity. Due to the fact that alum 218 sludge is currently treated as a waste for landfill, the reuse of such sludge in CW will be reasonably 219 recognised as a cost-effective solution in CW development.
221
It is interesting to note that the lifespan of the alum sludge in CW regarding its saturation for P 222 adsorption was estimated according to the P-adsorption capacity and the operation condition of the 223 CW system. [11] In case of domestic wastewater treatment using alum sludge-based CW, the lifespan 224 of the alum sludge can be 9-40 years [11] when the total P discharge per person per day of 2.3g of P 225 was estimated and CW area of 5 m 2 per person was proposed. [15] Even in the case of P-rich animal 226 farm wastewater treatment tested in this study, the lifespan of the dewatered alum sludge is 227 estimated as 2.5-3.7 years. [11] Moreover, in most cases of the practical use of CW system, a multi-228 stage treatment system is usually applied. Therefore, the lifespan is reasonably expected to be 229 longer. This is also an ongoing investigation in the multi-stage model CW system. In addition, 230 studies on the P desorption and recovery from the saturated alum sludge after use was conducted.
231
--10--Several kinds of acids (HCl, HNO 3 , and H 2 SO 4 ) and bases (NaOH and KOH) were tested to extract 232 P from saturated alum sludge, which was used as media in CW. The results, which are given in 233 It should be pointed out that during the testing period, especially in the 4-stage model CW system 
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